The genetically obese Zucker rat (fa/fa) is characterized by a severe resistance to the action of insulin to stimulate skeletal muscle glucose transport. The goal of the present study was to identify whether the defect associated with this insulin resistance involves an alteration of transporter translocation and/or transporter activity. Various components of the muscle glucose transport system were investigated in plasma membranes isolated from basal or maximally insulin-treated skeletal muscle of lean and obese Zucker rats. Measurements of D-and L-glucose uptake by membrane vesicles under equilibrium exchange conditions indicated that insulin treatment resulted in a fourfold increase in the V mfor carrier-mediated transport for lean animals [from 4.5 to 17.5 nmol/(mg * s)I but only a 2.5-fold increase for obese rats Ifrom 3.6 to 9.1 nmol/(mg. s)J. In the lean animals, this increase in glucose transport function was associated with a 1.8-fold increase in the transporter number as indicated by cytochalasin B binding, a 1.4-fold increase in plasma membrane GLUT4 protein, and a doubling of the average carrier turnover number (intrinsic activity). In the obese animals, there was no change in plasma membrane transporter number measured by cytochalasin B binding, or in GLUT4 or GLUTi protein. However, there was an increase in carrier turnover number similar to that seen in the lean litter mates. Measurements of GLUT4 mRNA in red gastrocnemius muscle showed no difference between lean and obese rats. We conclude that the insulin resistance of the obese rats involves the failure of translocation of transporters, while the action of insulin to increase the average carrier turnover number is normal. (J.
Introduction
The genetically obese Zucker rat (fa/fa) is a model of insulin resistance characterized by hyperinsulinemia, obesity, and hyperlipidemia in association with glucose intolerance ( 1, 2) . The peripheral insulin resistance observed in these animals results largely from an impairment of insulin-stimulated glucose uptake into skeletal muscle, the major site of insulin-mediated glucose disposal (3, 4) . Multiple abnormalities in the cellular physiology of insulin-mediated glucose disposal are associated with the insulin resistance including alterations in insulin binding, glucose metabolism, and glucose transport (3) (4) (5) (6) . Ofthese, defects in the glucose transport system appear to be a major causal factor. It has been consistently observed that obese Zucker rat skeletal muscle glucose transport, whether measured by glucose uptake in perfused hindlimb (3), 2-deoxyglucose uptake in isolated soleus muscle (4) , or 3-0-methyl glucose transport in hindlimb (6) , is characterized by a lower rate of uptake in the absence of insulin and a decreased response to maximal insulin stimulation as compared to transport by skeletal muscle of the lean litter mates (Fa/?).
The action ofinsulin to stimulate glucose transport in skeletal muscle is thought to involve two processes. The first is an increase in the number of transporters in the plasma membrane via recruitment from an intracellular pool as identified by an increase in plasma membrane cytochalasin B binding, concomitant with a decrease in the binding of an intracellular membrane pool (7) (8) (9) (10) . More recently the increase in plasma membrane glucose transporter number has been shown to be recruitment of the specific muscle/adipose isoform of the glucose transporter (GLUT4) (10) (11) (12) . The second observed action of insulin is to increase the average turnover number (activity) of the transporters in the plasma membrane, but it is unknown whether this process involves a modification of the transporter directly or the recruitment ofa more active isoform (9, 13) .
Although the glucose transport system is thought to be the major site of insulin resistance in the obese Zucker rat skeletal muscle, it is not known which step(s) is defective in the sequence of events that normally effects the increase in glucose transport in response to the hormone. A number ofrecent studies have examined the relationship of muscle glucose transporter expression to alterations in glucose transport and the cellular response to insulin, focusing on the measurement of total transporter protein and mRNA levels in animal models of insulin resistance, including the obese Zucker rat (14) (15) (16) . In general, the results indicate that in vivo insulin resistance can occur without changes (or with increases) in skeletal muscle transporter protein levels, thus leading to the conclusion that the insulin resistance reflects an alternate defect, possibly transporter translocation or activity. The purpose of the present study was to determine iftransporter recruitment and/or transporter activity are altered in muscle ofobese Zucker rats. To do this, the glucose transporter system was investigated in plasma membranes isolated from skeletal muscle of basal vs. maximally-stimulated lean and obese Zucker rats. Measurements of transporter number and isoform and the average carner turnover number were made. Our results indicate that the insulin resistance of the obese Zucker rat muscle is associated with a failure of translocation of transporters to the plasma membrane while the action ofinsulin to increase the average carrier turnover number is intact. (20 Mg) and molecular weight markers (Bio-Rad Laboratories) were subjected to SDS-PAGE and resolved proteins were electrophoretically transferred to nitrocellulose (23, 24) . Incubations were carried out in Tris-buffered saline, 20 mM Tris, 500 mM NaCl, pH 7.5 at 220C, unless otherwise indicated. The nitrocellulose transfer membranes were blocked in Tris-buffered saline with 0.2% Tween 20 and 5% carnation nonfat dry milk. To identify GLUT4 or GLUT1 proteins, the transfer membranes were incubated with either the polyclonal antibody R820 (4 Ag/ml) that is specific for the carboxyl terminus ofthe rat GLUT4 (East-Acres Biologicals, Southbridge, MA [25] ) or the polyclonal antibody A379 (gift of Dr. S. Cushman) that is specific for the carboxyl terminus of the rat brain GLUT 1 (26), followed by incubation with '251I-labeled protein A (Amersham Corp., Arlington Heights, IL). The nitrocellulose membranes were then exposed to Kodak XAR-5 film at -80'C for 16-48 h. Bands corresponding to specific glucose transporters were quantitated by video densitometry. For each gel, serial dilutions of a microsomal membrane stock were run as an internal standard to allow a comparison of samples run in separate gels and to determine linearity.
We also attempted to determine the relative amounts of GLUT1 and GLUT4 in the membranes fractions using the method of Calderhead et al. (27) for quantitative immunoblotting. In this approach, serial dilutions ofthe internal standard (used above) were analyzed for each isoform by comparison with a GLUT1 standard (human erythrocyte ghost membranes) and a GLUT4 standard (rat adipocyte lowdensity microsomal membranes) and then compared to the isoform levels of the membranes quantified in the original Western blots. Human erythrocyte ghosts were prepared by the method of Baldwin and Lienhard (28) and basal rat adipocyte low-density microsomal membranes were prepared as described by Rodbell (29) and Cushman (30) . Glucose transporter content of these standards were initially determined by cytochalasin B binding. The human erythrocyte ghosts contained 1,100 pmol ofcytochalasin B binding sites per milligram protein which was calculated to be -5.5% ofthe membrane protein, similar to estimations in other laboratories (31 ) . These membranes did not cross react with the GLUT4 antibody. Basal low-density microsomes contained 46 pmol ofcytochalasin B binding sites per milligram ofprotein. By comparative western blot analysis ofthese membranes, it was determined that GLUT1 accounted for 4 pmol of cytochalasin B binding sites per milligram ofthe microsomes or 8.7% ofthe total glucose transporters in these membranes, similar to the results of others (32, 33) . Assuming that there was no or negligible contribution by other transporter isoforms in the microsomes and ghosts, and that all transporters can bind with cytochalasin B, GLUT4 protein in the low density microsomes was determined to be 42 pmol/ mg.
Steady-state mRNA measurements. Lean and obese Zucker rats under basal conditions were killed by decapitation. A sample of red gastrocnemius ( 500 mg) was removed, immediately frozen in liquid nitrogen, and stored at -80°C. Total tissue RNA was extracted using a guanidinium thiocyanate method (34). RNA was electrophoresed on 1.2% formaldehyde-agarose gels, blotted and fixed on to nitrocellulose filters, and then hybridized to a cDNA probe for the GLUT4 or "adipose-muscle" transporter (gift of Dr. Maureen Charron, Albert Einstein College of Medicine, Bronx, NY). The cDNA probe was a mixture oftwo fragments, a 1,500-basepair and a 750-basepair Eco RI-Pst I fragment, that together contain almost the full coding sequence and 3' untranslated regions (35) . The fragments were labeled with 32P by oligolabeling (Pharmacia Inc., Piscataway, NJ) and the labeled probes were purified from unincorporated nucleotides by gel filtration on Sephadex G-50. Hybridization was carried out for 20 h at 42°C in a solution containing 50% formamide, 5X SSC (0.75 M NaCl, 0.075 M Na citrate, pH 7.0), 5 mM EDTA, 0.1% SDS, 25 mM NaH2PO4, 0.1 mg/ml calf thymus, and 0.1% of ficoll, bovine serum albumin, and polyvinyl pyrolidine. Blots were washed in 2x SSC and 0.1% SDS at 45-50'C for 15 min (three times). They were then exposed to Kodak film at -80'C with an intensifying screen for 5-6 d. The relative abundance ofthe adipose-muscle glucose transporter (GLUT4) was quantified using a laser scanning densitometer (Biomed Instruments Inc., Fullerton, CA).
Statistical analysis. Data are expressed as the mean±SE and analyzed using Student's t test. Significant differences between basal and insulin-treated states are indicated by P values.
Results
Plasma glucose and insulin concentrations. At the time ofsacrifice, blood was collected from each animal for measurement of plasma insulin and glucose concentration. In these postprandial lean Zucker rats, mean plasma glucose concentration was 122±7 mg/dl (mean±SE, n = 7) and mean plasma insulin was 24±6 ,uU/ml. In the obese animals, plasma glucose concentrations were similar, 15±5.3 mg/dl (n = 7), but plasma insulin levels averaged 141±32 ,uU/ml, five to six times higher than the levels in the lean animals. Insulin treatment (see Methods) resulted in an increase in plasma insulin to 2 20 mU/ml for both lean and obese animals. This was associated with a decrease in plasma glucose to 59±6 mg/dl in the lean and 69±3 mg/dl in the obese rats at the time of sacrifice 30 min after i.p. insulin injection.
Enzymatic characterization of plasma membranes. The quality and purity of the final plasma membrane preparations were evaluated by the absence or presence of marker enzymes. Potassium-stimulated P-nitrophenyl phosphatase (KpNPPase) was used as a marker for the plasma membrane and Ca2' ATPase as a marker for the sarcoplasmic reticulum. Activity was measured in the starting tissue homogenates and in the final membrane suspensions: the specific activities were compared to quantitate the relative enrichment. Table I shows the results of these assays. For the final membrane preparations, the KpNPPase specific activity was enriched 2 30 fold as compared to activity in the homogenates and represented an [Glucose] mM Figure 1 . Carrier-mediated glucose influx versus glucose concentration for skeletal muscle plasma membrane vesicles isolated from basal and insulin-treated lean Zucker rats. Values are rates of D-glucose uptake minus rates of L-glucose uptake at each glucose concentration. The line is a nonlinear least-squares fit of the data.
8-12% recovery of the total tissue KpNPPase activity. In comparison, the Ca-ATPase activity of the plasma membranes displayed a low enrichment (0.6-1.2) that represented < 0.08% of the total activity. There were no differences in the enzyme recoveries or enrichments between the treatment groups. These data indicate that the final membrane preparations were highly enriched in a plasma membrane marker with little contamination of sarcoplasmic reticulum. Characteristics of glucose transport in plasma membrane vesiclesfrom control and insulin-treated lean Zucker rats. Measurement of glucose uptake into membrane vesicles demonstrated that the carrier-mediated influx increased hyperbolically with increasing glucose concentration (Fig. 1) , as previously shown for muscle membranes isolated from Sprague-Dawley rats ( 13) . Facilitated transport in membranes isolated from the basal rats displayed a V__ of 4.5+0.4 nmol/ (mg. s) and a K,12 of 18±2.7 mM (Table II) rates for the two treatments groups is not biased by differences in the quantity of protein associated with vesicle membranes vs. nonvesicle protein.
Characteristics of glucose transport in plasma membrane vesiclesfrom basal and insulin-treated obese Zucker rats. Glucose transport was then studied in plasma membranes isolated from skeletal muscle of obese Zucker rats under basal or maximally insulin-treated conditions. For membranes from basal obese rats the Vma,, for carrier-mediated D-glucose uptake was 3.6±0.3 nmol/(mg. s), and the K112 was 21±3 mM, similar to values for the basal lean animals (Fig. 4 , Table II ). The number of transporter sites in the plasma membranes identified by CBbinding was 6.4±0.8 pmol/mg protein, again similar to membranes from the basal lean animals. The average glucose transporter carrier turnover number calculated from these data was 562±81 /s.
For the obese animals, insulin-treatment with maximally stimulating doses in vivo increased the Vm,, for facilitated glucose transport [9.1±0.9 nmol/(mg * s)] but to a smaller degree than in the lean animals (Fig. 4 Zucker fa/fa Figure 2 . Comparison of the relative numbers of GLUT4 and GLUT 1 transporters in membranes from basal and insulin-treated Zucker rats. The values are the means±SE of six to eight membrane preparations. Significant differences between membranes from basal versus insulin-treated rats are indicated by P values. The immunoblotting was performed as described in Methods. A representative blot is shown in Fig. 3 . turnover number increased with insulin treatment to 1137±122/s. On the other hand unlike the changes seen for the lean rats, insulin treatment did not significantly increase the number oftransporter sites in the plasma membrane measured by CB binding and resulted in no significant change in the plasma membrane GLUT4 or GLUT 1 protein (Figs. 2 and 3) . We estimate GLUT4 and GLUT 1 isoforms were present at GLUT4/GLUT1 ratios of 5.4±1.3 for basal membranes, similar to ratios for the basal lean animals, and 6.5±1.3 for membranes from insulin treated rats. There was no significant difference in the mean vesicular volumes, 4.2±0.6 ,dl/mg protein for membranes from the basal obese animals and 4.5±0.2 pl/ mg protein for membranes from the insulin-stimulated animals.
Verification Steady-state GLUT4 mRNA levels. RNA was isolated from red gastrocnemius muscle samples obtained from lean and obese animals under basal conditions. This muscle was chosen due to the fact that it represents a major fraction ofthe muscle used in the membrane preparation. The yield oftotal RNA was 0.68±0.08 and 0.82±0.20 jig/mg tissue for muscle from lean and obese rats, respectively (mean+SE, n = 4). Fig. 5 shows that the mRNA for the GLUT4 transporter in Zucker lean and obese gastrocnemius is identified as a 2.7-kb mRNA. RNA from red gastrocnemius obtained from basal male SpragueDawley rats (200 g) was analyzed for comparison and shows no difference in size ofthe GLUT4 mRNA. Fig. 6 summarizes the relative abundance of GLUT4 transporter mRNA in red gastrocnemius samples from four lean and four obese Zucker rats. The densitometry scans revealed no difference in the mean area of the GLUT4 mRNA peaks for these two groups. Skeletal muscle is the major site of insulin-mediated glucose transport accounting for -90% of the insulin-mediated glucose disposal (36, 37 ). An understanding of the regulation of glucose transport in this tissue is ofcentral importance in elucidating the action of insulin to regulate glucose metabolism. The approach of using animal models of insulin resistance, such as the obese Zucker rat, serves not only to identify potential sites where transport and its regulation are altered in insulin resistance but also provides insight into the normal process of glucose transport and its regulation. The goal of our experiments was to determine if the insulin resistance of obese rat skeletal muscle resulted from alteration in the action of insulin to simulate transporter translocation and/ or the average transporter activity and if possible to learn more about the interdependence of these two phenomena.
In lean Zucker rat skeletal muscle insulin treatment resulted in a fourfold increase in Vma, due to a near doubling of the plasma membrane transporter number (cytochalasin B binding) and a doubling of the average carrier turnover number. Thus changes in the number and activity of the transporters in the plasma membrane contributed equally to the insulin stimulation of transport, results quantitatively similar to those previously reported for the effects ofinsulin or exercise on skeletal muscle glucose transport in Sprague-Dawley rats (9, 13) . The mean carrier turnover number for the glucose transporters under basal physiological conditions was 525±73 /s. This value is very similar to the number we have identified for glucose transporters in Sprague-Dawley skeletal muscle (700/ s) and to that reported for GLUT1 in the human red blood cell (645 /s) under similar conditions of measurement, equilibrium exchange and 250C (38) . Because our quantitation of the GLUT4/GLUT1 ratios indicated that at least 80% of the glucose transporters in the isolated membranes were the GLUT4 isoform, these data suggest that the basal turnover rate of GLUT4 is similar to that of GLUT 1. However, definitive quantitation of the GLUT4 turnover number will ultimately require a more purified preparation of the isoform.
A major finding of the present study is that unlike in the lean rat, insulin treatment ofthe obese rat muscle results in no change in the number of transporters in the isolated plasma membranes. This occurs despite the fact that under their respective basal physiological conditions the obese Zucker rat (basal plasma insulin = 141 utU/ml) skeletal muscle plasma membranes have approximately an equal number of glucose transporters as compared to it's lean litter mate (basal plasma insulin = 24 ttU/ml). A similar but less severe defect in the action of insulin to stimulate muscle transporter translocation has been reported for another model of insulin resistance, streptozotocin-diabetic rats (39) . The carrier turnover numbers in the basal states are also similar in the obese versus lean rat, but insulin treatment increases the turnover number to an equal degree, approximately twofold, in both Zucker strains, indicating that the action of maximally stimulating concentrations of insulin to increase the average transporter turnover number functions normally in the obese animals. The present study investigated glucose transport characteristics under basal physiological and maximally stimulating insulin doses only. Unfortunately, little is known of the insulin dose response of translocation versus changes in transporter activity in skeletal muscle.
As previously reported (9, 13), we found no change in the K,12 for facilitated glucose transport with insulin treatment.
However, it must be noted that if glucose transporters in the muscle are characterized by a significant asymmetry, it is possible that changes in affinity at one side ofthe membrane are not detected by the equilibrium exchange measurements made here. Previous investigations have examined the effects ofinsulin on Zucker rat skeletal muscle glucose transport using the perfused hindlimb preparation (6, 40) , and provide some comparison for the relative changes in glucose flux rates observed with insulin stimulation in the present study. Sherman et al. (6) found that glucose uptake by the whole hindlimb in the obese Zucker rat increased 2.5-fold with an increase in perfusion insulin from 150 to 15,000MU /Uml. In the lean Zucker rats, hindlimb glucose uptakes increased approximately fourfold when increasing the perfusing insulin concentration from 25 to 15,000 gU/ml. If measured as 3-0-methylglucose uptake by the gastrocnemius (the major muscle group represented in the membrane preparation), the authors found uptake increased 2.5-fold for the obese rat and 5-6-fold for the lean rat. Thus the relative changes in transport that are observed for the isolated membranes are similar to those previously reported for the intact perfused muscle.
The changes in turnover number or intrinsic activity ofthe glucose transporter associated with insulin and/or exercise stimulation are not well understood. Experiments with animal models, e.g., insulin-treated streptozotocin diabetic rat and the fasted-refed rat, and, more recently, with fibroblasts and 3T3-L1 adipocytes have provided evidence that transport is controlled by changes in carrier activity as well as carrier number (41) (42) (43) (44) (45) (46) . On the other hand, other studies, including immunocytochemical studies, have demonstrated that transporter translocation can account for the total increase in glucose with insulin stimulation (47, 48) . In our approach the average carrier turnover number is measured and, as a result, changes in activity could result due to a modification of all or some of the carriers or the recruitment of a more active carrier. The data from the obese Zucker rat indicate that insulin stimulates an increase in transporter activity in the absence ofa change in the total number of transporters (CB binding) or in membrane GLUT4 protein. These results suggest that activation is independent of translocation and does not represent the recruitment of a more active form ofthe carrier. Instead, the changes in carrier turnover number would result from a modification of the activity of some or all ofthe transporters already present in the membrane, but the biochemical or biophysical mechanism is unknown. Alternatively, we cannot exclude the possibility that there may be an additional, non-GLUT4 or GLUT 1, glucose transporter translocated to the plasma membrane in low quantity but with very high activity. Nor can we rule out the interpretation that the nonsignificant increases in membrane cytochalasin B binding and GLUT4 immunoreactivity with insulin treatment may account for the smaller changes in Vm,, values for the obese animals.
The failure of insulin to promote a translocation of transporters in the obese rat skeletal muscle could involve one or more of the steps involved in this process including defects in post-binding receptor signaling, the size of the intracellular pool, or the translocation process itself. Studies in adipose cells have indicated that, at least for this tissue, the size of the intracellular pool is an important determinant of the response of glucose transport to insulin (49) . In animal models of insulin resistance, failure ofquantitative recruitment oftransporters to the plasma membrane upon insulin stimulation of the fat cells is associated with a decrease in the number ofglucose transporters in the low density microsomes (41, (50) (51) (52) (53) , whereas models of hyperresponsiveness, including the fat cell ofyoung obese Zucker rats (54) , are associated with increased amounts of intracellular transporters (53, 55) . The results of similar studies in skeletal muscle are mixed. In the streptozotocin diabetic rat, skeletal muscle is characterized by decreased transporter number (56), GLUT4 protein, and GLUT4 mRNA (57) . However, muscle of fasted rats appears to have increased levels of GLUT4 mRNA (53) and protein (53, 57) and skeletal muscle ofthe obese insulin-resistant db/db mouse ( 15) has normal GLUT4 protein levels as compared to their lean litter mates.
For the Zucker rat, Friedman et al. ( 14) have reported no difference in the level of GLUT4 protein in skeletal muscle ofthe lean versus obese animals and, in the present study, we find no difference in the red gastrocnemius GLUT4 mRNA levels.
Thus, the insulin resistance ofobese Zucker rat skeletal muscle, like that of muscle in the db/db mouse and fasted animals, does not appear to be due to a reduced pool of intracellular transporters.
A second location for the defect of insulin action is the transduction of the hormone signal from the insulin receptor, including the possible involvement of receptor tyrosine kinase activity. Slieker et al. (58) have reported that the muscle ofthe obese Zucker rat displays a significant decrease in the insulin receptor autophosphorylation and tyrosine kinase activity as compared to muscle of the lean litter mates. Similar defective tyrosine kinase activity has been reported for skeletal muscle from insulin-resistant obese mice (59) and obese human subjects (60) , suggesting that these alterations are of general importance in the etiology ofskeletal muscle insulin resistance. In addition, changes in protein kinase C activity and cellular localization have been associated with insulin action. To this end, Van de Werve et al. (61 ) have found defects in protein kinase activity in the cardiac muscle ofobese Zucker rats. It should be noted that ifthe insulin stimulated increase in transporter activity is, in fact, independent of carrier translocation, then the present data suggest that translocation and activation may involve different aspects ofthe insulin receptor function. Dissociation ofinsulin receptor functions has been previously demonstrated for metabolic versus growth signalling actions of the receptor (62, 63).
Finally, the failure of insulin to stimulate the translocation of transporters to the membrane in these obese animals could be due to defects in the translocation process itself, i.e., the cellular factors or conditions required for moving the intracellular microsomal population into the membrane. Such steps may involve processes of vesicle translocation or errors in the posttranslational processing of the transporters required for normal translocation to the plasma membrane. Horuk et al. (64) have reported that fat cell glucose transporters in the intracellular pool exist in at least two molecular forms with different glycosylation characteristics and isoelectric points, and that only one of these forms is translocated by insulin.
It is possible that the apparent insulin resistance of the obese Zucker reflects both the response to insulin and to counterregulatory hormones. In adipose cells and fibroblasts (65, 66) , glucocorticoids have been demonstrated to stimulate the reverse translocation of glucose transporters. If there is a similar effect in skeletal muscle, a greater release of corticosterone with insulin stimulation or a greater sensitivity to this hormone could result in a decrease in the net translocation of transporters. Preliminary measurements of plasma corticosterone concentrations indicate that insulin treatment does not result in a greater release of this hormone in obese versus lean animals. But these data do not exclude the possibility that the skeletal muscle glucose transport system is more responsive to this hormone (67) . The role ofthe counterregulatory hormones in the net movement of transporters and transporter recycling awaits further study.
In summary, we have demonstrated that the defect in insulin's ability to stimulate glucose transport in obese Zucker rat skeletal muscle is due to a failure ofcarriers to translocate to the cell membrane, while the action ofinsulin to increase the average turnover number of the plasma membrane transporters is intact. These data suggest that the insulin-stimulated increase in the average carrier turnover number may occur independently of the recruitment of new carriers to the membrane.
